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For control, some memory circuits use a delay-locked loop 
to generate a set of signals, each delayed a different amount 
relative a reference signal. HoWever, as circuits get faster 
and faster, conventional delay-locked loops require use of 
extra interpolation circuitry to generate smaller delays, and 
thus consume considerable poWer and circuit space. Accord 

Assi nee: Micron Technolo Inc. . . . . . . . 
g gy’ mgly, the mventor devised a circuit WhlCh mterlaces and 

APPL NO. 10/914 757 synchronizes tWo delay-locked loops, each including a num 
’ ber of controllable delay elements linked in a chain. In one 

Filed; Aug 9, 2004 embodiment, the ?rst loop produces a sequence of clock 
signals delayed an even number of delay periods relative a 
reference clock signal, and the second loop produces a 
sequence of clock signals delayed an odd number of delay 
periods relative the reference clock signal. In addition, the 
?rst and second loops are synchronized. 
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INTERLACED DELAY-LOCKED LOOLPS FOR 
CONTROLLING MEMORY-CIRCUIT TIMING 

[0001] This application is a Continuation of US. applica 
tion Ser. No. 09/259,625, ?led Feb. 26, 1999, Which is 
incorporated herein by reference. 

TECHNICAL FIELD 

[0002] The present invention concerns memory circuits 
and clock-generation circuits Which include delay-locked 
loops for controlling memory circuits. 

BACKGROUND OF THE INVENTION 

[0003] Memory circuits are vital components in comput 
ers and other electronic systems Which require data storage. 
A typical memory circuit is an interconnected netWork of 
millions of microscopic memory cells, each of Which stores 
an electric charge representing a one or Zero data bit. The 
memory cells are usually arranged into roWs and columns, 
With each cell having a unique address based on its roW and 
column position. 

[0004] Memory operations, usually initiated by a com 
puter processor, include Writing and reading the memory 
cells. In Writing, sometimes called recording or program 
ming, the processor sends command signals specifying a 
Write operation, address signals identifying one or more 
memory cells, and data signals representing the data to be 
stored, or Written to, the one or more memory cells. The 
memory circuit has circuitry not only for latching, that is, 
temporarily storing current signal states, but also for inter 
preting, or decoding, the command signals. Once the latched 
command signals are decoded, the memory circuit 
addresses, or accesses, the memory cells corresponding to 
the latched address signals and Writes the latched data 
signals to them. 

[0005] To read data, the processor sends command signals 
Which specify a read operation and address signals Which 
identify the memory cells to be read to the memory circuit. 
After latching the command and address signals, the 
memory circuit accesses the identi?ed memory cells, con 
verts their contents to data signals, latches the data signals, 
and ?nally outputs the latched data signals to the computer 
processor. 

[0006] In both reading and Writing, the latching, decoding, 
addressing, and outputting are all sequenced using clock 
signals—typically signals With a series of periodic or regu 
larly spaced pulses—Which coordinate the How of signals 
into, through, and out of the memory circuit. Coordination 
often requires triggering one operation a certain time after 
another operation. 

[0007] For eXample, during Write operations, data signals 
are usually transferred, one Word (a group of data bits) at a 
time, from a computer processor to a memory circuit using 
a clock signal to control When each Word is sent. The 
sending of each Word corresponds to a clock signal transi 
tion from high to loW (or loW to high), and the data signals 
travel over a set of Wires, knoWn as a data bus, connecting 
the processor to the memory circuit. As the data signals for 
one Word arrive at input terminals of the memory circuit, the 
voltages of the input terminals change from their current 
voltage levels (Which generally represent the previous Word) 
to those for the current Word. After this change, a latch 
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circuit, triggered With the high-to-loW (or loW-to-high) tran 
sition of another clock, latches the data signals for the 
current Word. To alloW time for the change, the other clock 
signal is usually a delayed version of the data clock, With its 
transitions occurring a set time, or delay period, after those 
of the data clock. 

[0008] Since Writing entails a number of sequential opera 
tions that are delayed relative the data clock, memory 
circuits typically use several different delayed versions of 
the data clock. For instance, a memory circuit might include 
a set of clock signals delayed one, tWo, three, and four delay 
periods relative the data clock, With each of the delayed 
clock signals controlling a different part of the memory 
circuit. 

[0009] One Way of generating a set of delayed clock 
signals based on multiples of a delay period is to use a circuit 
knoWn as a delay-locked loop, or DLL. The delay-locked 
loop is a chain of controllable delay elements, With the ?rst 
delay element receiving an input clock signal and outputting 
a clock signal delayed one delay period, the second receiv 
ing this delayed clock signal and outputting a signal delayed 
tWo delay periods relative the input clock signal, and so 
forth. To ensure that each delayed clock signal is synchro 
niZed, or phase-locked, With the transitions of the input 
clock signal, a phase comparator compares one of the 
delayed clock signals to the input clock signal, and outputs 
a control signal, based on hoW far it is out of synch, to all 
the delay elements, decreasing or increasing their delays as 
necessary to keep all the delayed clock signals in step, or in 
phase, With the input clock. 

[0010] As memory circuits have become faster, it has 
become increasingly dif?cult to design delay-locked loops 
Which produce signals With smaller and smaller delays 
relative to a clock signal, such as the data clock. This is 
because conventional delay elements can only reliably pro 
vide a minimum delay of about 100 picoseconds (one-tenth 
of one billionth of a second.) To provide smaller delays, 
engineers have added “tiers” of interpolation circuitry to the 
basic delay-locked loop. 

[0011] A ?rst tier of the interpolation circuitry theoreti 
cally interpolates, or splits, the 100-picosecond difference 
betWeen tWo signals of the delay-locked loop to produce a 
third signal delayed 50 picoseconds relative the tWo signals. 
A second tier of interpolation circuitry then splits the 50 
picosecond difference betWeen the third signal and one of 
the tWo original signals to produce a fourth signal delayed 25 
picoseconds relative the one original signal. Using this 
interpolation approach in a non-memory application, one 
researcher reports achieving delays as small as 16 picosec 
onds. (See, T. A. Knotts and D. S. Chu, “A 500 MHZ Time 
DigitiZer IC With 15.625 ps Resolution,” 1994 IEEE Inter 
national Solid State Circuits Conference, Digest of Techni 
cal Papers, First Edition, pp. 58-59.) 

[0012] Unfortunately, this interpolation approach not only 
adds a signi?cant amount of circuitry to the basic delay 
locked loop, but also increases poWer consumption consid 
erably. Thus, there is a need for a better Way of achieving 
shorter delay periods betWeen clock signals. 

SUMMARY OF THE INVENTION 

[0013] To address these and other needs, the inventor 
devised neW clock-generation circuits and neW methods of 
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generating clock signals. One embodiment of a neW clock 
generation circuit interlaces and synchronizes tWo delay 
locked loops. Each delay-locked loop includes a number of 
controllable delay elements linked in a chain. The ?rst loop 
produces a sequence of clock signals delayed an even 
number of delay periods relative a reference clock signal, 
and the second loop produces a sequence of clock signals 
delayed an odd number of delay periods relative the refer 
ence clock signal. In addition, at least one delay element in 
the second loop is controlled based on a phase relationship 
betWeen clock signals from each loop. 

[0014] One embodiment of a method of generating clock 
signals entails generating a sets of even and odd clock 
signals, With each even clock signal delayed relative a 
reference clock signal by an even multiple of a desired delay 
period and each odd clock signal delayed relative the 
reference clock signal by an odd multiple of the desired 
delay period. The method also entails synchroniZing at least 
one of the odd clock signals using one of the even clock 
signals. 

[0015] Other aspects of the invention include a memory 
controller that incorporates one of the neW clock-generation 
circuits and a computer system that incorporates the memory 
controller. One embodiment of the computer system 
includes a processor, and one or more synchronous dynamic 
random access memories (SDRAMs). 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] FIG. 1 is a block diagram of an exemplary clock 
generation circuit 10 including tWo interlaced delay-lock 
loops 12 and 14 in accord With the present invention; 

[0017] FIG. 2 is a timing diagram illustrating various 
outputs of clock generation circuit 10; 

[0018] FIG. 3 is a schematic diagram of an exemplary 
delay element 30 for use in exemplary clock generation 
circuit 10; 

[0019] FIG. 4 is a block diagram of an exemplary differ 
ential phase ampli?er 40, including a phase detector 50 and 
a charge pump 60, for use in exemplary clock generation 
circuit 10; 

[0020] FIG. 5 is a schematic diagram of an exemplary 
phase detector 50; 

[0021] FIG. 6 is a schematic diagram of an exemplary 
charge pump 60; 

[0022] FIG. 7 is a block diagram illustrating use of the 
exemplary differential phase ampli?er in FIG. 4 in clock 
generation circuit 10; 

[0023] FIG. 8 is a schematic diagram of a phase control 
block 80 referenced in FIG. 7; 

[0024] FIG. 9 is a schematic diagram of a signal-loss 
detector 90 referenced in FIG. 7; 

[0025] FIG. 10 is a block diagram of a computer system 
100 With a memory controller that incorporates a clock 
generation circuit in accord With the invention; and 

[0026] FIG. 11 is a block diagram of a computer system 
120 With a memory circuit 126 that incorporates a clock 
generation circuit 128 in accord With the invention. 
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DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0027] The folloWing detailed description, Which refer 
ences and incorporates FIGS. 1-11, describes and illustrates 
speci?c embodiments of the invention. These embodiments, 
offered not to limit but only to exemplify and teach the 
concepts of the invention, are shoWn and described in 
suf?cient detail to enable those skilled in the art to imple 
ment or practice the invention. Thus, Where appropriate to 
avoid obscuring the invention, the description may omit 
certain information knoWn to those of skill in the art. 

[0028] FIG. 1 shoWs a block diagram of an exemplary 
clock-generation circuit 10 embodying concepts of the 
present invention. Circuit 10 includes an input terminal or 
node 11 for receiving an input (reference) clock signal Cref, 
and tWo interlaced delay locked loops 12 and 14 for pro 
viding a set of clock signals delayed a multiple number of 
delay periods T relative reference clock signal Cref. T 
represents a desired time delay Which generally requires use 
of interpolation circuitry in combination With a delay-locked 
loop. In the exemplary embodiment, clock signal Cref is 
about 400 megahertZ and T is about 78 picoseconds; hoW 
ever, other embodiments use different frequencies and delay 
periods. Delay-locked loop 12 includes a chain, or cascade 
netWork, of 17 controllable delay elements 121-137, and a 
differential phase ampli?er 138. Similarly, delay-locked 
loop 14 includes a chain of 15 controllable delay elements 
141-154 and a differential phase ampli?er 155. 

[0029] In loop 12, each controllable delay element pro 
vides a nominal delay 2T and includes respective input, 
output, and control nodes. The respective outputs of delay 
elements 121-137 provide a sequence of even phase-locked 
clock signals C0, C2, . . . C32, With each clock signal 
delayed an even number of delay periods T relative refer 
ence clock Cref. For example, clock signal C0 is delayed 
tWo delay periods T relative input clock signal Cref, and 
clock signal C2 is delayed four delay periods relative clock 
signal Cref. Note that C2 is delayed tWo delay period 
relative clock signal C0; C4 is delayed four delay periods T 
relative clock signal C0; and so forth. 

[0030] In loop 14, delay elements 141 and 154 provide a 
nominal delay of 3T and delay elements 142-153 each 
provide a nominal delay 2T. Delay elements 141-154 
include respective input, output, and control nodes. The 
respective outputs of delay elements 141-153 provide a 
sequence of odd phase-locked clock signals C1, C3, . . . C25, 
With each clock signal delayed an odd number of delay 
periods T relative reference clock Cref and clock signal C0. 
Thus, for example, clock signal C1 is delayed one delay 
period T relative clock signals C0; clock signal C3 is 
delayed three delay periods T relative clock signal C0; and 
so forth. 

[0031] In operation, differential phase ampli?er 138 com 
pares the phases of clock signal C0 With one of the even 
clock signals, for example, clock signal C32 or C16, and 
outputs a delay-element control signal 2TCNTRL, Which 
takes the form of a voltage or current signal, to each delay 
element in loop 12 and to delay elements 142-153 in loop 14. 
Control signal 2TCNTRL adjusts the delay of each element, 
maintaining each even clock signal and some of the odd 
clock signals, speci?cally C3-C25, in phase With reference 
clock signal Cref. 
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[0032] Differential-phase ampli?er 155, on the other hand, 
detects phase, or synchronization, errors betWeen one of the 
even clock signals and one of the clock signals of delay loop 
14 and adjusts the delays of one or more of the elements of 
loop 14. In the exemplary embodiment, differential-phase 
ampli?er 155 measures the phase error betWeen even clock 
signal C28 and the output of delay element 154, Which, like 
signal C28, is delayed 28 delay periods relative signal C0. 
Based on this phase error, ampli?er 155 controls the delay 
of elements 141 and 154, thereby keeping their respective 
output clock signals C1 and C28‘ in phase With even clock 
signal C28. Consequently, output signals C1 and C28‘ are 
also kept in phase With all the other clock signals. FIG. 2 
shoWs an exemplary timing diagram 20 illustrating the phase 
or timing relationship of clock signals Cref, C0-C7. 

[0033] FIG. 3 shoWs an exemplary embodiment of a 
differential delay element 30 Which can be used in the 
present invention. Delay element 30 includes inputs IN+, 
IN—, BP, BN, and DEN, outputs DOUT+ and DOUT—, 
poWer-supply nodes V1 and V2, and ?eld-effect transistors 
302-316. Transistors 302-316 have respective gates 302 
316, drains 302-316, and sources 302-316. In operation, 
delay element 20 provides differential output signals at 
outputs DOUT+ and DOUT- Which are delayed relative 
differential input signals at inputs IN+ and IN—. Voltages at 
inputs BP and BN control the amount of delay, and input 
DEN is an enables input. 

[0034] More speci?cally, FIG. 3 shoWs that inputs IN+ 
and IN- are connected respectively to the gates of transistors 
302 and 304, Which have their sources connected together 
and to the drain of transistor 306. Source 306 is connected 
to supply node V2 via transistor 308. Gate 306 is connected 
to input BN, and gate 308 is connected to input DEN Which 
enables the delay element. Inputs BP and BN provide bias 
voltages Which regulate the delay of element 30. In the 
exemplary embodiment, input BP ranges from 1.1 volts to 
1.6 volts; input BN ranges from 0.8 volt to 2.5 volts; and 
supply nodes V1 and V2 provide 2.5 and 0.0 volts, respec 
tively. Control voltages on inputs BN and BP set the delay 
of element 30 as 2T (156 picoseconds) or as 3T (234 
picoseconds), for example. 
[0035] Drain 302 is connected to supply node V1 through 
transistors 310 and 312, and drain 304 is connected to supply 
node V1 through transistors 314 and 316. Gate 310 is 
connected to drain 310, to drain 312, and to output DOUT+. 
Gates 312 and 314 are connected together and to input BP. 
Gate 316 is connected to drain 316, to drain 314, and to 
output DOUT—. (For further details, refer to Maneatis, 
LoW-Jitter Process-Independent DLL and PLL Based on 
Self-Biased Techniques, November 1996, IEEE Journal of 
Solid-State Circuits, Vol.31, pp. 1723-32, Which is incorpo 
rated herein by reference.) 
[0036] FIG. 4 shoWs a block diagram of an exemplary 
differential-phase ampli?er 40 Which can be used as a model 
for ampli?ers 138 and 155 in FIG. 1. In addition to a phase 
detector 50 and a charge pump 60, ampli?er 40 includes 
inputs R, V, SETA*, RSTA*, SETB*, RSTB*, and NOSIG 
and an output PHERR. Phase detector 50 generates and 
forWards signals QA, QA*, QB, QB* to charge pump inputs 
pda, pda*, pdb, and pdb*. In turn, charge pump 60 generates 
a current Which is integrated by a capacitor C to produce an 
output signal PHERR based on the phase difference betWeen 
signals at inputs R and V. 
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[0037] FIGS. 5 and 6 shoW details of exemplary embodi 
ments of phase detector 50 and charge pump 60. These 
embodiments are described in co-pending and co-assigned 
US. patent application (MICRON DOCKET 97-1401) 
Which is entitled Method and Apparatus for Generating 
Phase Dependent Control Signal and incorporated herein by 
reference. 

[0038] In particular, FIG. 5 shoWs that phase detector 50, 
Which detects the phase difference betWeen inputs R and V, 
is a logic circuit having upper and loWer halves 50a and 50b. 
Upper half 50a includes inputs V, RSTA*, and SETA* 
(Which receive similarly named signals); a single-to-differ 
ential converter 502; inverters 504 and 506; NAND gates 
508 and 510, inverters 512, 514, 516, 518, 520, and 522; 
NAND gates 524, 526, 528, 530, 532, and 534; and inverters 
536, 538, 540, and 542. Converter 502 receives input V and 
NAND gates 532 and 534 provide outputs QA and QA*. 
LoWer half 50b, Which receives input R and provides outputs 
QB and QB*, includes a similar set of components, Which 
for sake of brevity are not itemiZed or described here. In 
general, phase detector 50 operates according to knoWn 
principles, to generate signals QA, QA*, QB, and QB* 
indicative of the phase relationship betWeen signals at inputs 
R and V. 

[0039] FIG. 6 shoWs details of an exemplary embodiment 
of charge pump 60, Which includes inputs pda, pda*, pdb, 
pdb*, bn, and NOSIG*; output PHERR; voltage supply 
nodes V1 and V2; an inverter 602; and ?eld-effect transistors 
604, 606, 608, . . . , 668. Transistors 604-668 include 

respective gates 604-668, drains 604-668, and sources 604 
668, Which for sake of clarity have not been numbered in the 
?gure. Charge pump 60 operates to convert the phase signals 
provided by phase detector 50 at inputs pda, pda*, pdb, and 
pdb* into output signal PHERR Which represents the phase 
relationships of inputs signals, for example, clock signals C0 
and C16 or clock signals C28 and C28‘ in FIG. 1, connected 
to inputs R and V of phase detector 50 in FIGS. 4 and 5. 

[0040] FIG. 7 shoWs more speci?cally hoW one embodi 
ment of the invention develops control signals 2TCNTRL 
and 3TCNTRL using differential-phase ampli?ers having 
the circuit con?guration of exemplary differential-phase 
ampli?er 40. In particular, FIG. 7 shoWs differential-phase 
ampli?ers 138‘ and 155‘ as circuit blocks With inputs and 
outputs as presented for ampli?er 40 in FIG. 4. FIG. 7 also 
shoWs tWo additional circuits blocks, a phase control 80 and 
a signal-loss detector 90. 

[0041] Phase control 80, Which prevents ampli?er 138‘ 
from false-locking, has inputs for one or more of the even 
clock signals, for example, C0, C8, C12, and C20 and 
generates tWo outputs signals SETAB* and RSTAB*. Out 
put signal SETAB* drives the RSTA* and RSTB* inputs of 
differential ampli?er 138‘, and output signal RSTAB* drives 
the SETA* and SETB* inputs of ampli?er 138‘. (Ampli?er 
155‘ is unlikely to exhibit false-lock since signals C28 and 
C28‘ are generally never more than 700 picoseconds apart.) 
FIG. 8 shoWs details of an exemplary embodiment of phase 
control 80, Which includes a single-to-differential signal 
converter 802, delay (or D-type) ?ip-?ops 804, 806, and 
808, a three-input NOR gate 810, and a four-input NAND 
gate 812. Each ?ip-?op includes respective inputs D, CLK, 
and CLK*, and respective outputs Q and Q*. 
[0042] More particularly, input NOSIG drives one input of 
NOR gate 810. Clock signal C0 feeds single-to-differential 



US 2005/0007157 A1 

signal converter 802, Which provides respective positive and 
negative differential signals to the respective CLK* and 
CLK inputs of ?ip-?ops 804, 806, and 808. Clock signal C8 
drives input D of ?ip-?op 804; clock signal C12 drives input 
D of ?ip-?op 806; and clock signal C20 drives input D of 
?ip-?op 808. Input NOSIG* drives one input of NAN D gate 
812. 

[0043] Outputs Q and Q* of ?ip-?op 804 are connected 
respectively to one input of NOR gate 810 and to one input 
of NAND gate 812. Outputs Q and Q* of ?ip-?op 806 are 
connected respectively to one input of NOR gate 810 and to 
one input of NAND gate 812. And outputs Q* of ?ip-?op 
808 is connected to one input of NAND gate 812. The Q 
outputs of ?ip-?ops 804 and 806 are respectively labeled 
FALSELK and LONG, and the Q* output of ?ip-?op 808 is 
labeled SHORT. 

[0044] In operation, phase control 80 prevents differential 
phase ampli?er 138‘ from locking When delay-locked loop 
12 includes more than one cycle of reference clock signal 
Cref. In other Words, it prevents ampli?er 138‘ from false 
locking. More speci?cally, during normal or true lock con 
ditions, using clock signal C0 to “cloc ” signals C8, C12, 
and C20 into respective ?ip-?ops 804, 806, and 808 makes 
signal FALSELK loW, signal LONG loW, and signal SHORT 
loW. Assuming NOSIG is loW, this condition forces both 
SETAB* and RSTAB* high. As a consequence, ampli?er 
138‘ operates normally, With input signals at inputs R and V, 
namely clock signal C0 and C32, determining its output. 

[0045] During a false-lock condition, FALSELK is high, 
LONG is high, and SHORT is loW. Under this condition, 
SETAB* is loW and RSTAB* is high. Ahigh SETAB* signal 
overrides the input signals at inputs R and V of ampli?er 
138‘, and causes the charge pump output to sleW negative 
until the false-lock condition is cleared. 

[0046] Phase control 80 also hastens the occurrence of 
lock When the delay line is running a little long or short, that 
is, too sloW or too fast. During true-lock conditions, clock 
signals C12 and C20 de?ne an “approximately locked” 
WindoW. If the rising edge of clock signal C0 clocks a loW 
state of signal C12 and a high state of signal C20 (and a loW 
state of signal C8), the loop is near lock, and the charge 
pump operates normally, that is, in proportion to the phase 
error. If the rising edge of clock C0 signal C0 clocks a high 
state of signal C12 (and signal C8 is in a loW state), the delay 
line is running long, this condition forces SETAB* to a loW 
state, Which in turn, hastens lock by sleWing the charge 
pump output negative. Conversely, if clock signal C8 is loW 
and C20 is loW, the delay line is a little short. This forces 
RSTAB* loW, Which in turn sleWs the charge pump output 
positive. In other Words, during these long and short con 
ditions, the charge pump output is no longer proportional to 
the phase difference as it is during near-lock conditions, but 
is pushed hard in one direction or the other until a near-lock 
condition exists. 

[0047] FIG. 9 shoWs an exemplary embodiment of signal 
loss detector 90, Which monitors or samples clock signals 
Cref, C28, and C32 to facilitate the recovery of circuit 10‘ 
from start-up conditions, poWer-supply transients, tempo 
rary clock interruptions, and so forth Which can sometimes 
lead to loss of a signal from one or more delay elements in 
a delay-locked loop. During these signal losses, a phase 
detector, such as phase detector 50, may “hang” in a state 
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that ultimately causes a voltage-controlled delay element, 
such as element 30 in FIG. 3, to cease signal transmission. 
Signal-loss detector 90 senses the loss of a signal and 
provides a signal NOSIG* Which is used to override the 
“normal” up and doWn signals produced by phase detector 
50 and to drive charge pump 60 to change its output signal. 

[0048] The exemplary embodiment of detector 90 has 
previously been described in co-pending and co-assigned 
patent application (MICRON DOCKET 97-636) Which is 
entitled Synchronous Clock Generator Including A Delay 
Locked Loop Signal Loss Detector and incorporated herein 
by reference. Detector 90 includes three clock signal inputs 
C8, Cref, and C16; inverters 902, 904, 906, and 908; D-type 
?ip-?ops 910, 912, 914, and 916; tWo-input XOR gates 918 
and 920; tWo-input NAND gate 922; and inverter 924. Each 
?ip-?op includes respective inputs D, CLK, and CLK*, and 
respective outputs Q and Q*. 

[0049] Clock signal input C28 is connected via inverter 
904 to input D of ?ip-?ops 910 and 912. Clock signal input 
C32 is similarly connected via inverter 908 to input D of 
?ip-?ops 914 and 916. Clock signal input Cref drives the 
input of inverter 902, Which in turn drives the input of 
inverter 906. The output of inverter 902 is connected to the 
CLK* input of ?ip-?ops 910, 912, 914, and 916. The output 
of inverter 906 is connected to the CLK input of ?ip-?ops 
910, 912, 914, and 916. 

[0050] Outputs Q and Q* of ?ip-?ops 910 and 912 are 
connected to the inputs of XOR gate 918, Which has its 
output connected to an input of NAND gate 922. Similarly, 
outputs Q and Q* of ?ip-?ops 914 and 916 are connected to 
the inputs of NOR gate 920, Which has its output connected 
to another input of NAND gate 922. NAND gate 922 
provides signal NOSIG*, and inverter 924, Which is con 
nected to the output of NAND gate 922, provides signal 
NOSIG. 

Exemplary Embodiments of Computer Systems 
Incorporating the Invention 

[0051] FIG. 10 shoWs an exemplary computer system 100 
Which includes a memory controller 102 Which incorporates 
one or more clock generation circuits 104 that embody the 
concepts of the present invention. In addition to memory 
controller 102 and clock generation circuit 104, system 100 
includes a processor 106 and synchronous dynamic random 
access memories (SDRAMs) 108a, 108b, and 108c, Which 
are coupled via respective buses 110 and 112 to memory 
controller 102. As knoWn in the art, processor 106 performs 
a variety of functions using instructions and data stored in 
SDRAMs 108a-108c, With memory controller 102 and clock 
generation circuit 104 facilitating, for example, read and 
Write operations. In the exemplary embodiment, processor 
106 is an Intel Pentium II processor; hoWever, other embodi 
ments use distributed processors, parallel processors, or 
digital signal processors. 

[0052] System 100 also includes input devices 114, output 
devices 116, and data-storage devices 118. Exemplary input 
devices include a keyboard, mouse, joystick, microphone, 
video camera, etc. Exemplary output devices include a color 
monitor, printer, and virtual-reality goggles. Exemplary 
data-storage devices include hard disk drives, optical disk 
drives, or ?oppy disk drives. 
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[0053] FIG. 11 shows another computer system 120 incor 
porating the invention. Computer system 120 includes a 
processor 122 coupled to a integrated memory circuit 126 
via bus 124. Memory circuit 126 includes a clock-generation 
circuit 128 in accord With the teachings of the present 
invention. 

CONCLUSION 

[0054] In furtherance of the art, the inventor has presented 
a clock generation circuit Which includes a number of delay 
elements and Which provides at least one clock signal 
delayed relative a reference clock signal by a delay period 
less than that of the delay elements. In an exemplary 
embodiment, the circuit includes tWo interlaced delay 
locked loops, a ?rst having tWo or more delay elements With 
a ?rst nominal delay and a second having at least one delay 
element With a second nominal delay. In operation, the tWo 
loops are synchroniZed, or phase locked to each other, and 
provide a at least one clock signal delayed relative a refer 
ence clock signal by the difference betWeen the ?rst and 
second nominal delay. The invention thus teaches not only 
a family of circuits but also an associated methodology 
Which overcome the limits of conventional delay elements 
Without the use and disadvantages of interpolation circuitry. 

[0055] The embodiments described above are intended 
only to illustrate and teach one or more Ways of practicing 
or implementing the present invention, not to restrict its 
breadth or scope. The actual scope of the invention, Which 
embraces all Ways of practicing or implementing the inven 
tion, is de?ned only by the folloWing claims and their 
equivalents. 

1. A clock-generation circuit comprising: 

a ?rst delay element con?gured to provide a ?rst nominal 
delay and having a ?rst input and a ?rst output, With the 
?rst input con?gured to receive a ?rst input signal; 

a second delay element con?gured to provide a second 
nominal delay different from the ?rst nominal delay by 
about 50 percent and having a second input and a 
second output, With the second input con?gured to 
receive a second input signal different from the ?rst 
input signal; and 

a differential phase ampli?er having ?rst and second 
inputs connected respectively to the ?rst and second 
outputs of the delay elements and having an output 
connected to control only one of the ?rst and second 
delay elements. 

2. The circuit of claim 1: 

Wherein the ?rst delay element includes an output; the 
second delay element includes a control node; and 

Wherein the differential phase ampli?er includes ?rst and 
second inputs for receiving respective ?rst and second 
signals and an output for outputting a signal based on 
a phase relationship of the ?rst and second signals, With 
the ?rst input of the differential phase ampli?er coupled 
to the output of the ?rst delay element and the output 
of the differential phase ampli?er coupled to the control 
node of the second delay element. 

3. The circuit of claim 2 Wherein the ?rst and second delay 
elements have substantially identical circuit topologies. 
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4. The circuit of claim 2 Wherein the second nominal 
delay is Within 100 picoseconds of the ?rst nominal delay. 

5. The circuit of claim 2 Wherein the ?rst and second delay 
elements each comprise means for delaying a signal in 
response to a control voltage. 

6. A clock-generation circuit comprising: 

a ?rst continuously adjustable delay element con?gured to 
provide a ?rst nominal delay; 

a second continuously adjustable delay element con?g 
ured to provide a second nominal delay different from 
the ?rst nominal delay by about 50 percent; and 

a differential phase ampli?er having a ?rst input con 
nected to an output of the ?rst delay element, a second 
input connected to an output of the second delay 
element, and an output connected to a control node of 
only one of the ?rst and second delay elements. 

7. The circuit of claim 6 Wherein the second nominal 
delay is Within 100 picoseconds of the ?rst nominal delay. 

8. The circuit of claim 6 Wherein the ?rst and second delay 
elements each comprise means for delaying a signal in 
response to a control voltage. 

9. A clock-generation circuit comprising: 

one or more ?rst delay elements Which provide a ?rst 
nominal delay; 

one or more second delay elements Which provide a 
second nominal delay different from the ?rst nominal 
delay by at least 50 percent; and 

a differential phase ampli?er having ?rst and second 
inputs coupled respectively to at least one of the ?rst 
delay elements and to one of the second delay elements 
and an output coupled to control only one of the ?rst 
and second nominal delays, Wherein the differential 
phase ampli?er comprises a phase detector and a 
charge pump. 

10. The circuit of claim 9 Wherein the second nominal 
delay is Within 100 picoseconds of the ?rst nominal delay. 

11. The circuit of claim 9 Wherein the ?rst and second 
delay elements each comprise means for delaying a signal in 
response to a control voltage. 

12. A circuit comprising: 

one or more ?rst delay elements Which provide a ?rst 
nominal delay; 

one or more second delay elements Which provide a 
second nominal delay different from the ?rst nominal 
delay by at least 50 percent; and 

a differential phase ampli?er responsive to at least one of 
the ?rst delay elements and to one of the second delay 
elements to control only one or more of the second 
delay elements, Wherein the differential phase ampli?er 
comprises a phase detector and a charge pump. 

13. The circuit of claim 12 Wherein the second nominal 
delay is Within 100 picoseconds of the ?rst nominal delay. 

14. The circuit of claim 12 Wherein the ?rst and second 
delay elements each comprise means for delaying a signal in 
response to a control voltage. 

15. A circuit comprising: 

one or more ?rst delay elements Which provide a ?rst 
nominal delay, With at least one of the ?rst delay 
elements having an input con?gured to receive a ?rst 
input signal; 
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one or more second delay elements Which provide a 
second nominal delay different from the ?rst nominal 
delay, With at least one of the second delay elements 
having an input con?gured to receive a second input 
signal different from the ?rst input signal; and 

a differential phase ampli?er responsive to at least one of 
the ?rst delay elements and to one of the second delay 
elements to control only one of the second delay 
elements: 

Wherein each delay element comprises one or more 
?eld-effect transistors; and Wherein the ?rst and 
second nominal delays differ by about 50 percent. 

16. The circuit of claim 15 Wherein the second nominal 
delay is Within 100 picoseconds of the ?rst nominal delay. 

17. The circuit of claim 15 Wherein the ?rst and second 
delay elements each comprise means for delaying a signal in 
response to a control voltage. 

18. A memory controller comprising: 

a ?rst delay element con?gured to provide a ?rst nominal 
delay and having a ?rst input con?gured to receive a 
?rst input signal; 

a second delay element con?gured to provide a second 
nominal delay different from the ?rst nominal delay 
and having a second input con?gured to receive a 
second input signal different from the ?rst input signal; 
and 

a differential phase ampli?er having a ?rst input con 
nected to an output of the ?rst delay element, a second 
input connected to an output of the second delay 
element, and an output connected to a control node of 
only one of the ?rst and second delay elements, 
Wherein the ?rst nominal delay differs from the second 
nominal delay by about 50 percent. 

19. The controller of claim 18 Wherein the ?rst and second 
delay elements each comprise means for delaying a signal in 
response to a control voltage, and the ?rst nominal delay is 
Within 100 picoseconds of the second nominal delay. 

20. A memory controller comprising: 

a ?rst delay element con?gured to provide a ?rst nominal 
delay and to receive a ?rst input signal; 

a second delay element con?gured to provide a second 
nominal delay different from the ?rst nominal delay 
and to receive a second input signal different from the 
?rst input signal; and 

a differential phase ampli?er having a ?rst input con 
nected to an output of the ?rst delay element, a second 
input connected to an output of the second delay 
element, and an output connected to a control node of 
only one of the ?rst and second delay elements, 
Wherein each delay element comprises one or more 
?eld-effect transistors and the ?rst and second nominal 
delays differ by about 50 percent. 

21. The controller of claim 20 Wherein the ?rst and second 
delay elements each comprise means for delaying a signal in 
response to a control voltage, and the ?rst nominal delay is 
Within 100 picoseconds of the second nominal delay. 

22. A memory controller comprising: 

a ?rst delay element con?gured to provide a ?rst nominal 
delay; 
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a second delay element con?gured to provide a second 
nominal delay different from the ?rst nominal delay by 
at least 50 percent; and 

a differential phase ampli?er having a ?rst input con 
nected to an output of the ?rst delay element, a second 
input connected to an output of the second delay 
element, and an output connected to a control node of 
only one of the ?rst and second delay elements, 
Wherein the differential phase ampli?er comprises a 
phase detector and a charge pump. 

23. The controller of claim 22 Wherein the ?rst and second 
delay elements each comprise means for delaying a signal in 
response to a control voltage, and the differential phase 
ampli?er comprises means for amplifying a difference 
betWeen ?rst and second input signals. 

24. A system comprising: 

a processor; 

one or more integrated-circuit memories; 

one or more input, output, or storage devices; and 

a memory controller coupled to the processor and to the 
one or more integrated-circuit memories, the memory 
controller comprising: 

a ?rst delay element con?gured to provide a ?rst 
nominal delay and to receive a ?rst input signal; 

a second delay element con?gured to provide a second 
nominal delay different from the ?rst nominal delay 
by at least 50 percent and to receive a second input 
signal different from the ?rst input signal; and 

a differential phase ampli?er having a ?rst input con 
nected to an output of the ?rst delay element, a 
second input connected to an output of the second 
delay element, and an output connected to a control 
node of only one of the ?rst and the second delay 
elements. 

25. The system of claim 24 Wherein the second nominal 
delay is Within 100 picoseconds of the ?rst nominal delay. 

26. The system of claim 24 Wherein the ?rst and second 
delay elements each comprise means for delaying a signal in 
response to a control voltage. 

27. A system comprising: 

a processor; and 

a memory circuit coupled to the processor and compris 
ing: 
a ?rst delay element con?gured to provide a ?rst 

nominal delay and to receive a ?rst input signal; 

a second delay element con?gured to provide a second 
nominal delay different from the ?rst nominal delay 
by about 50 percent and to receive a second input 
signal different from the ?rst input signal; and 

a differential phase ampli?er having a ?rst input con 
nected to an output of the ?rst delay element, a 
second input connected to an output of the second 
delay element, and an output connected to a control 
node of only one of the ?rst and the second delay 
elements. 

28. The system of claim 27 Wherein the second nominal 
delay is Within 100 picoseconds of the ?rst nominal delay. 
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29. The system of claim 27 wherein the ?rst and second 
delay elements each comprise means for delaying a signal in 
response to a control voltage, and the differential phase 
ampli?er comprises means for amplifying a difference 
betWeen ?rst and second input signals. 

30. An apparatus for generating clock signals, comprising: 

circuitry for generating a ?rst set of tWo or more even 
clock signals, each delayed relative a reference clock 
signal by an even multiple of a ?rst delay period; 

circuitry for generating a second set of one or more odd 
clock signals, of Which one or more are delayed relative 
the reference clock signal by an odd multiple of the ?rst 
delay period and at least one is delayed by an even 
multiple of the ?rst delay period; and 

circuitry for synchroniZing the second set of clock signals 
to one or more of the ?rst set of clock signals. 

31. The apparatus of claim 30, Wherein the circuitry for 
generating the ?rst set of tWo or more even clock signals 
comprises means for generating a ?rst set of tWo or more 
even clock signals, each delayed relative the reference clock 
signal by an even multiple of the ?rst delay period. 

32. The apparatus of claim 30, Wherein the circuitry for 
generating the second set of one or more odd clock signals, 
comprises means for generating the second set of one or 
more odd clock signals, of Which one or more are delayed 
relative the reference clock signal by an odd multiple of the 
?rst delay period and at least one is delayed by an even 
multiple of the ?rst delay period. 

33. The apparatus of claim 30, Wherein the circuitry for 
synchroniZing the second set of clock signals to one or more 
of the ?rst set of clock signals, comprises means for syn 
chroniZing the second set of clock signals to one or more of 
the ?rst set of clock signals. 

34. An apparatus for generating clock signals, comprising: 

circuitry for synchroniZing a ?rst set of tWo or more even 
clock signals to a reference clock signal, With each even 
clock signal delayed relative the reference clock signal 
by an even multiple of a delay period; and 

circuitry for synchroniZing a second set of one or more 
odd clock signals to one or more of the even clock 
signals, With each odd clock signal delayed relative the 
reference clock signal by an odd multiple of the delay 
period. 
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35. The apparatus of claim 34, Wherein: 

circuitry for synchroniZing the ?rst set of tWo or more 
even clock signals to the reference clock signal, com 
prises means for synchroniZing the ?rst set of tWo or 
more even clock signals to the reference clock signal, 
With each even clock signal delayed relative the refer 
ence clock signal by an even multiple of the delay 
period; and 

circuitry for synchroniZing the second set of one or more 
odd clock signals to one or more of the even clock 
signals, comprises means for synchroniZing the second 
set of one or more odd clock signals to one or more of 

the even clock signals, With each odd clock signal 
delayed relative the reference clock signal by an odd 
multiple of the delay period. 

36. The apparatus of claim 35 Wherein the delay period is 
less than 100 picoseconds. 

37. An apparatus for generating one or more clock signals 
delayed relative a reference clock signal by an integral 
multiple of a desired nominal delay period, the apparatus 
comprising: 

circuitry for providing a ?rst delay-locked loop compris 
ing a chain of tWo or more delay elements, each 
providing a ?rst nominal delay and a respective clock 
signal; 

circuitry for providing a second delay-locked loop com 
prising one or more delay elements, each providing a 
respective clock signal and at least one providing a 
second nominal delay different from the ?rst nominal 
delay by an amount substantially equal to the desired 
nominal delay period; and 

circuitry for synchroniZing one or more delay elements of 
the second delay loop to a clock signal of the ?rst 
delay-locked loop, thereby causing one or more clock 
signals of the second delay-locked loop to be delayed 
relative to one or more of the output signals of the ?rst 
delay-locked loop by the desired nominal delay period. 

38. The apparatus of claim 37 Wherein the desired nomi 
nal delay period is less than 100 picoseconds. 

39. The apparatus of claim 37 Wherein the ?rst and second 
delay elements have substantially identical circuit topolo 
g1es. 


